1. Introduction {#s0005}
===============

Type 1 Diabetes (T1D) is a disease characterized by the discriminatory destruction of pancreatic beta cells ([@bb0140]). T1D is a process that requires both autoimmunity and autoinflammation where the pancreas is infiltrated by immune cells such as macrophages, dendritic cells and natural killer cells secreting pro-inflammatory cytokines, and autoreactive B and T cells specific for islet antigens such as insulin, glutamic acid decarboxylase (GAD)-65, and islet antigen(IA)-2 ([@bb0225], [@bb0015]). Although no single etiology is known for T1D, epidemiological and genome-wide association studies have linked T1D with both genetic factors i.e. polymorphisms in human leukocyte antigen (HLA) haplotypes, and environmental factors such as viral infections ([@bb0050], [@bb0295]). While T1D is canonically considered a T-cell mediated disease ([@bb0025], [@bb0190]), research has demonstrated that the mere presence of autoreactive T cells is not the initiating factor but rather a determinant of disease progression ([@bb0205], [@bb0320]). Additionally, the presence of autoantibodies can be detected years before clinical disease, and not all islet autoantibody-positive individuals develop T1D ([@bb0290], [@bb0200]). Thus, we propose the inflammatory pathway as a focus for understanding early triggering events in T1D, and viral infections in acceleration of an established autoimmune/inflammatory process. Here, we review T1D inflammation as it relates to the interferon (IFN) signature, and establish a link with Type 1 interferonopathies (type 1 IFN-opathies) and viruses, specifically Coxsackieviruses. Type 1 IFN-opathies constitute a group of human diseases associated with overproduction of the pro-inflammatory type I IFNs, and are widely thought to be controlled by genetics ([@bb0080], [@bb0215]). These diseases, often systemic and clinically symptomatic, are associated with destructive inflammation as well as development of autoimmune phenomena. We propose that persistent or chronic Coxsackievirus infections in pancreatic islet cells simulate a local type 1 IFN-opathy in the islet microenvironment that is clinically silent before diabetes onset. As several of the candidate susceptibility genes are involved in IFN responses and because virus infections would amplify genetic tendencies for a heightened IFN response, we propose that the underlying molecular mechanisms associated with type 1 IFN-opathies can serve as a foundation or reference point for the evaluation of inflammatory processes of T1D.

With the increasing incidence of T1D worldwide ([@bb0365], [@bb0270]), deciphering the inflammatory pathways represents a direct and relevant approach for the development of new targeted therapeutics to prevent, interrupt, or overturn progression of disease.

2. The Interferon Signature {#s0010}
===========================

IFNs are a group of pro-inflammatory cytokines. To date, three types of IFNs have been identified: type I (which includes IFNα, IFNβ, IFNε, IFNκ and IFNώ), type II (IFNγ), and the recently discovered type III (IFNλ) ([@bb0100], [@bb0330]).

The "IFN signature" refers to expression of genes that are known to be regulated by IFNs. Overall, the repertoire of responses induced by IFNs covers a wide range of activities. These activities can go from: priming an antiviral state in local cells, to secretion of cytokines and chemokines that recruit and arm effector cells of the adaptive immune system to regulation of neuronal connectivity, but also T cell dysfunction and establishment of chronic inflammation ([@bb0115], [@bb0260], [@bb0350], [@bb0165], [@bb0085]). Some recognized type I IFN-stimulated gene products include: IFIT1 (interferon-induced protein with tetratripeptide repeats 1), OAS1/2 (2′-5′-oligoadenylate synthetase 1/2), MX1 (myxovirus resistance protein 1/MxA), ISG15 (interferon stimulated protein 15), and CCL5 (chemokine C-C motif ligand 5). Other gene products stimulated by both type I and II IFNs include: STAT1/2 (signal transducer and activator of transcription 1/2), and CXCL9 (chemokine C-X-C motif ligand 9) ([@bb0035], [@bb0400], [@bb0030], [@bb0220]). Expression of the aforementioned genes is suggestive of either an ongoing viral infection that elicited production of IFNs or an inherent defect in controlling IFN production.

In the literature, "IFN signature" and "type I IFN signature" have been used interchangeably, suggesting that the signature depends mainly on type I IFNs. It is noteworthy that the contribution of type II and III IFNs should not be discounted. Specifically, type III IFN-inducible genes have not been investigated as extensively as for type I/II IFNs, but appear to induce a signature almost identical to type I IFN ([@bb0095], [@bb0105], [@bb0100]). Type I, II and III IFNs are reported to use the JAK/STAT signalling pathway, and a recent study revealed that type I and III IFNs use redundant pathways for the induction of an antiviral response against influenza A virus ([@bb0065], [@bb0235], [@bb0010]). Still, plasmacytoid dendritic cells and epithelial cells appear to be the primary responders to type III IFNs, thus the affects of type III IFNs may be confined whereas those of type I IFNs would apply to almost all tissues ([@bb0260], [@bb0010], [@bb0345]). Nonetheless, recent investigations with Coxsackievirus B3-infected human pancreatic islets *in vitro* have revealed expression of type I and III IFNs with an associated IFN signature ([@bb0095]). Therefore, this area warrants further investigations to decipher the involvement of type III IFNs in T1D.

Systemic Lupus Erythematosus (SLE) can be considered the prototypic platform for the study of inflammatory profiles associated with an IFN signature. SLE is an autoimmune disease hallmarked by overexpression of type I IFNs, specifically IFNα. Studies using a variety of methods such as microarrays, quantitative polymerase-chain reaction, and laser-capture isolation of kidney cells were instrumental in solidifying the idea of an IFN signature in SLE. These studies demonstrated the IFN signature both in the peripheral blood and the kidney of SLE patients but not control patients. ([@bb0275], [@bb0150], [@bb0020]). Taken together, these clinical studies demonstrate an underlying inflammatory process not only systemically but also at the level of end-organ autoimmunity. Importantly, these studies in SLE also support the concept of inflammation as a crucial component for understanding the pathogenesis of additional autoimmune disorders such as T1D, beyond the presence of autoreactive lymphocytes.

3. Experimental Evidence for an Interferon Signature in T1D {#s0015}
===========================================================

IFNα is known to stimulate expression of class I major histocompatibility complex (MHC-I) molecules at the surface of exposed cells. Hyper-expression of MHC-I molecules on islets along with detection of IFNα in pancreases of T1D patients compared to non-diabetic patients was an early suggestion that IFNs may be pathogenic ([@bb0160], [@bb0130]). This hypothesis was also supported by earlier experiments in mice and rats indicating the potential nefarious role of type I IFNs in mammals ([@bb0145]). Since then, many teams have led investigations into the role of IFNs in the pathogenesis of T1D using both human samples and mouse models such as the non-obese diabetic (NOD) mouse. Consequently, T1D has been related to the IFN signature discussed above, further supporting a role for inflammation as an initial triggering event during T1D. However, it is noteworthy that human data for an interferon signature is limited and this is likely due to the limited expression in the microenvironment of the islet.

Comparisons of gene expression profiles in pancreatic lymph node CD4^+^ T cells of NOD mice (which spontaneously develop diabetes \~ 12 weeks of age) and NOD/BDC2.5 T cell receptor transgenic mice (where more than 90% of T cell receptors are islet-antigen reactive and the mice develop diabetes \~ 3 weeks of age) identified the up-regulation of IFN-stimulated genes in the mice. mRNA expression for IFN-stimulated genes included IFIT1, IFIT3, ISG15, and OAS1. Moreover, the up-regulated IFN-stimulated genes positively correlated with age of the mice where levels were higher in 6 week-old mice compared to 2 week-old mice ([@bb0220]). Similarly, Planas et al. reported a data set of whole genome transcription profiles of human T1D pancreases and purified islets, which revealed an overall overexpression of both innate immunity and IFN-responsive genes ([@bb0280]). Even though the study by Planas and colleagues only included a small population (4 T1D patient pancreases and 7 non-T1D pancreases), the findings represented a valuable platform for organ-specific transcriptomic analysis in T1D and established a significant ground for additional large-scale investigations of locally relevant inflammation.

A study, by Diana et al., analyzing initiation of diabetes in the NOD mice and the non-autoimmune prone C57Bl/6 and BALB/c mice observed IFNα and IFNα-stimulated gene products in NOD mice only ([@bb0090]). Additionally, the study established plasmacytoid dendritic cells (pDCs) as crucial players in the IFN signature in NOD mice, since depletion of pDCs in 2 week-old NOD mice delayed development of diabetes up to 30 weeks. While Diana et al.\'s work supports the case for IFN-α as a pivotal component for the IFN signature, we should underline that pDCs are also potent secretors of type III IFNs ([@bb0010]). Therefore, the positive effect of pDC depletion may not be explained solely through IFNα. Similarly, another study encompassing microarray analysis and qPCR examined chronological changes in gene expression in pancreatic islets of NOD mice from 2 weeks of age until development of diabetes \~ 20 weeks and up. To strengthen their examination, the researchers also used non-diabetic NOD.*Rag1 −/−* mice which lack a functional repertoire of adaptive T and B cells. The results demonstrated a unique age-correlated IFN signature in the NOD mice that was not present in the NOD.*Rag1 −/−*, implying that the absence of B and T cells negatively affects the induction of an IFN signature. Notably, at two weeks of age, there were no discernable differences in immune responses between NOD and NOD.*Rag1 −/−* mice. Overall, the study suggests a synergistic interaction between innate and adaptive arms of the immune response for the establishment of inflammation and an IFN signature overtime, attesting to the multifactorial complexity of T1D development ([@bb0030]).

Importantly, Marro et al. used a viral mouse model to demonstrate that progression to T1D can be directly modulated through IFN-α signaling. In their model, *Rip-*LCMV, C57Bl/6 mice expressed a transgene of the lymphocytic choriomeningitis virus (LCMV) glycoprotein under the control of the rat insulin promoter only within the islets. Subsequent infection with LCMV led to the development of diabetes in these mice ([@bb0250]). Marro and colleagues showed that administration of antibodies against IFN- α-β receptor (IFNAR) and IFN-α species, but not IFN-β, prevented the virally-induced development of diabetes in the *Rip*-LCMV mice ([@bb0250]). These findings provided further support for the involvement of IFN driven inflammation in diabetes development.

Concurrently, two independent longitudinal studies have been following a cohort of German and Finnish children with genetically determined predisposition to T1D. These cohorts are part of the BABYDIET and DIPP studies, respectively. In the DIPP study, subjects (n = 28) are matched with autoantibody-negative controls based on date/place of birth, sex, and HLA genotype. The BABYDIET study includes 109 genetically susceptible children, along with 49 individuals recently diagnosed with T1D (disease duration of at least 3 years), 15 adult individuals with longstanding T1D, 93 healthy adult volunteers, and 25 patients with SLE. Within the course of these studies, peripheral blood is collected from participants and microarray analysis is performed on RNA from PBMCs or whole blood to determine transcriptional profiles. Both studies reported presence of an IFN signature before the detection of autoantibodies in the children. The number of subjects who manifested the IFN signature was small, likely owing to the localized nature of the process or affects of chronic IFN response as well as age-related changes. However, despite these differences and the fact magnitude of the IFN signature varied among the susceptible children, recent onset diabetic cases and individuals with longstanding diabetes, their overall IFN signature overlapped with what was already reported for SLE patients and the signature was not observed in healthy controls ([@bb0110], [@bb0185]).

The BABYDIET and DIPP cohorts constitute two epidemiologically relevant landmark studies that support the early involvement of an IFN response during T1D. Moreover, these reports of IFN response are directly in line with other studies demonstrating hyper-expression/dysregulation of MHC-I molecules in human pancreases during T1D ([@bb0125]). Specifically, [@bb0300] provided strong evidence for involvement of MHC-I molecules (both at the protein and the RNA level) and inflammatory pathway during T1D. Using human samples from nPOD (network for pancreatic organ donors with diabetes), the Diabetes Virus Detection study, and from a collection of recent-onset T1D samples from the United Kingdom, Richardson et al. demonstrated that classical and non-classical MHC-I hyper-expression is pertinent to patients with T1D but not the controls ([@bb0300]). Marroqui and colleagues also reported comparable effects of IFN-α on MHC-I overexpression in human beta cells ([@bb0255]). Meanwhile, it is important to mention that Richardson et al.\'s and Marroqui et al.\'s studies are contradictory to an earlier report by [@bb0335]. Skog et al.\'s investigations did not conclusively define any considerable differences in MHC-I expression between T1D patients and non-T1D patients ([@bb0335]). These discrepancies further attest to the multifaceted complexity of T1D development and may indeed be a testament to the heterogeneity of T1D presentation.

Finally, the concept that IFNs can play a crucial role in T1D is also supported by numerous reports of T1D development following IFN-α therapy for viral hepatitis, often associated with other autoimmune disorders as well. Some of these reports have recently been reviewed ([@bb0405]). Altogether these aforementioned reports establish a strongly relevant basis for more extensive incorporation of inflammatory pathways in attempts to explain the pathogenesis of T1D and proposition of alternative treatment options.

4. Type 1 Interferonopathies and Link to T1D {#s0020}
============================================

4.1. Type 1 Interferonopathies {#s0025}
------------------------------

Type 1 interferonopathies (type 1 IFN-opathies) classically refer to a group of monogenic Mendelian disorders defined by a dysfunction in the innate immune system. In type 1 IFN-opathies, there is an overproduction of type I IFNs associated with signs of both autoinflammation and autoimmunity. Currently recognized type 1 IFN-opathies encompass mutations in 12 genes: *TREX1, RNASEH2 A/B/C*, *SAMHD1, ADAR, TMEM173, ACP5, ISG15, DDX58, PSMB8,* and *IFIH1* ([@bb0080], [@bb0215]). These mutations, summarized in [Table 1](#t0005){ref-type="table"}, all include an inflammatory response, with a characteristic IFN signature that extends to autoimmune traits relevant to established autoimmune disorders such as T1D. Of particular relevance to T1D are mutations in *IFIH1* which encodes the intracellular pattern recognition receptor (PRR), melanoma differentiation-associated protein 5 (MDA5). MDA5 has been reported to be expressed at low levels in human pancreatic islets ([@bb0165]) and polymorphisms in *IFIH1* have previously been correlated with risk of T1D development ([@bb0040], [@bb0385], [@bb0340]). For example, the *IFIH1* nonsynonymous single nucleotide polymorphism (SNP) rs1990760 genotype TT is considered a T1D risk genotype while the TC genotype is associated with protection from disease ([@bb0340]). Recently, Domsgen et al. demonstrated modulation of the IFN signature in primary human pancreatic islets by rs1990760, as well as an involvement of type III IFNs following infection with Coxsackievirus B3 *in vitro*. Infection led to significantly increased expression of both type I IFNs (IFNβ) and type III IFNs (IFNλ1 and 2), and IFN-inducible genes such as CXCL-10, MxA, and MDA5 itself, independent of the rs1990760 genotype of donors when comparing infected islets to uninfected islets. However, pancreatic islets from donors heterozygous for the *IFIH1* SNP genotype (TC) displayed significantly increased expression of type III IFN mRNA, as well as some IFN-inducible genes when compared to islets from donors homozygous for the IFIH1 SNP genotype (TT) ([@bb0095]). Also, our own research has shown that MDA5^−/−^ mice on the NOD background are protected from spontaneous autoimmune diabetes, while MDA5^+/−^ mice (that produced nearly 48% less MDA5 protein than wild-type MDA5^+/+^) have a reduced incidence of spontaneous disease when compared to MDA5^+/+^ mice. Additionally, Coxsackievirus B4-infected MDA5^+/−^ mice were fully protected from virus-mediated diabetes while age-matched infected MDA5^+/+^ mice succumbed to disease with an incidence of 50% ([@bb0230]).Table 1Current identified single-gene mutations characterizing Type 1 interferonopathies.Table 1GeneDescription and effect of mutations*TREX1*Encodes the 3′ repair exonuclease which recognizes cytosolic single-stranded-(ss)DNA molecules for degradation. Mutations in *TREX1* are thought to lead to a build-up of ssDNA molecules in the cytosol which are perceived as a danger signal and hence stimulate the type 1 IFN response.*RNASEH2 A*, *RNASEH2 B*, *RNASEH2C*Encode the A, B, and C subunits of the ribonuclease H2 complex. Hypomorphic mutations in these genes negatively impact the ability of the RNASEH2 complex to degrade RNA that has been inappropriately inserted in DNA hybrids. The low-level activity of the RNASEH2 complex thus leads to a continuous loss of genomic integrity, and simultaneously continued DNA repair system whose metabolites are hypothesized to activate the type 1 IFN response.*SAMHD1*Encode the SAM domain and HD domain containing protein 1 with reported dNTP triphosphohydrolase, triphosphatase, and nuclease activity. Mutations in *SAMHD1* are thought to result in an imbalance in the cytosolic dNTP pool leading to genomic instability and a chronic DNA damage response similar to mutations in *RNASEH2* genes.*ADAR*Encodes the adenosine deaminase, RNA-specific protein, whose role involves editing double-stranded(ds)-RNA species, thus rendering them immunosuppressive. Mutations in *ADAR* interfere with the ability of the protein to edit dsRNA species. Non-edited, immunoreactive dsRNA can subsequently activate the type 1 IFN response.*IFIH1*Encodes the melanoma differentiation-associated protein 5 (MDA5). MDA5 is a cytosolic dsRNA sensor and gain of function mutations in *IFIH1* lead to an increased affinity of MDA5 for dsRNA, hence amplifying the induction of the type 1 IFN response.*TMEM173*Encodes the stimulator of interferon genes (STING) adaptor molecule. Gain of function mutations in *TMEM173* result in the constitutive activation of STING even in the absence of its ligand cGAMP. That constitutive activation of STING ensures the continuous activation of the IFNβ promoter.*ACP5*Encodes the tartrate-resistant acid phosphatase type 5 (TRAP5). Mutations in *ACP5* are associated with the induction of the type 1 IFN response.*ISG15*Encodes the interferon-stimulated protein 15. Mutations in *ISG15* results in an enhancement of the type I IFN signalling. ISG15 has been reported to stabilize the Ubl carboxy-terminal hydrolase 18 (USP18), a known negative regulator of type I IFN-induced responses.*DDX58*Encodes the retinoic-acid inducible gene 1 (RIG-1) protein that senses cytoplasmic dsRNA similar to MDA5. Also, resembling *IFIH1* mutations, gain of function mutations in *DDX58* cause constitutive activation of RIG-1 and continuous induction of the type I IFN response.*PSMB8*Encodes the proteasome subunit β type 8 or subunit β5i. Although the specifics of PSMB8 activity in the type 1 IFN response remain elusive, mutations in PSMB8 associate with an interferon signature.

Other examples of T1D risk genes or candidate genes that are also linked to the interferon pathway and responses to viral infections are *TLR7*, *TLR8*, and *PSMB8* ([@bb0285], [@bb0060]). Specifically, although *PSMB8*\'s exact role in the type 1 IFN response remains to be elucidated, mutations in *PSMB8* have been associated with an IFN response, characteristic of a T 1 IFN-opathy ([@bb0240]). Altogether, the results from these studies support the argument for using type 1 IFN-opathies as a reference point for the evaluation of inflammatory processes in T1D as well as the viral involvement in T1D.

Type 1 IFN-opathies have previously been proposed to overlap with SLE ([@bb0075]), and seeing that the IFN signature in SLE already overlaps with T1D, we propose to also extend type 1 IFN-opathies to T1D. Not all gene mutations in type 1 IFN-opathies show 100% penetrance, and the genotypes are for the most part recessive ([@bb0360], [@bb0375]). Such penetrance varieties may help explain the heterogeneity seen in T1D disease, why not all autoantibody positive individuals progress to T1D, or why there is a difference in magnitude of the IFN signature across T1D development. Studies examining IFN levels and/or IFN responsiveness may uncover individuals that will progress to T1D. Also, the overlay of virus infection may exacerbate inflammation already present in islets and help explain a rapid progression towards T1D before onset of clinical disease. There is also the option that combinations of genotypes that affect production and/or response to IFN may promote differential responses. Alternatively, the diversity in T1D may relate to the fact that among other factors yet to be determined, a certain threshold of IFN dysfunction must be reached. When assessing triggers of T1D initiation and the relationship to type 1 IFN-opathies, it would also be useful to investigate mutations in genes that control DNA activation and repression. For example, a recent paper showed that the methyl-CpG-binding protein Mbd2 is involved in priming DCs for a Th2 response ([@bb0055]). It is likely that Mbd2 and other epigenetic factors influence DC activation and their capacity to secrete IFNs. Hence, mutations in such crucial epigenetic markers would influence IFN activation and response pathways. Therefore, research into those mutations is likely to discover new players involved in establishment of an IFN signature, hence expanding the area of type 1 IFN-opathies and providing additional framework for the inflammatory pathways of T1D.

4.2. Viruses and Type 1 Interferonopathy in T1D {#s0030}
-----------------------------------------------

As mentioned earlier, incidence of T1D is rising worldwide and among environmental factors that may explain the positive trend, epidemiological studies have implicated viruses such as enteroviruses, mumps virus, and congenital rubella virus ([@bb0120], [@bb0370]). Enteroviruses, specifically Coxsackieviruses, are increasingly and more frequently being associated with T1D than any other virus. As early as 1969, researchers observed that the sera of recent onset T1D patients tended to present with higher antibody titers to Coxsackieviruses than patients with established T1D (more than 2 years) or healthy controls ([@bb0135]). Although there lacks a definitive causal link between enteroviral infections and development of T1D in humans, a significant body of research is showing positive correlations between these viruses and disease. These correlations are supported by the detection of enteroviral RNA in both blood and pancreas of prediabetic, recent-onset, and established T1D patients and the presence of anti-enteroviral antibodies, as well as *in vitro* studies showing specific enteroviral tropism for pancreatic islet cells ([@bb0195], [@bb0005], [@bb0310], [@bb0265]). Additionally, *in vivo* work with mouse models implicates Coxsackieviruses as a direct agent for the development and/or acceleration of diabetes onset ([@bb0325], [@bb0155]). Importantly, type I IFNs have been implicated in establishment of viral latency during Epstein-Barr virus infection, which is epidemiologically associated with the autoimmune disease, Multiple Sclerosis ([@bb0305], [@bb0390]). This therefore suggests a similar role for type I IFNs in maintenance of viral persistence and chronicity of infection in the pancreas, contributing to T1D. Alternatively, considering the natural history of Coxsackievirus infections, it is possible that multiple Coxsackievirus infections are harbored in the pancreas, leading to differential viral clearance and hence affecting the IFN signature itself.

Although there is some discussion as to how Coxsackieviruses might contribute to T1D, it has been proposed that one such mechanism may revolve around persistent infection of pancreatic beta cells ([@bb0175]). More recently, researchers showed that naturally occurring 5′ terminal deletions in the genomes of Coxsackieviruses play key roles in the maintenance of persistence in heart and pancreas of humans and mice ([@bb0355], [@bb0045]). Considering these findings, we are elaborating on the hypothesis of persistent viral infection as a mechanism for T1D pathogenesis. We propose that persistently infected beta cells constitute a local microenvironmental type 1 IFN-opathy during T1D, where persistent infection constitutes a continuous source of pathogen-associated molecular patterns (PAMPs) that promote host pattern recognition receptor (PRRs) signalling for the induction of interferon secretion ([@bb0410]). This is supported by previous work associating Coxsackievirus infection with:

1\) A continuous local production of type I IFNs ([@bb0165], [@bb0160]) that can steadily activate resident monocytes, specifically pDCs which are themselves potent secretors of type I and III interferons. Local IFN signature in turn maintains a positive feedback loop of local inflammation with secretion of chemokines that recruit both anti-viral and self-reactive effector lymphocytes ([Fig. 1](#f0005){ref-type="fig"}).Fig. 1Persistence of virus within islet cells maintains a continuous source of viral PAMPs which lead to the induction of type 1 and III IFN production. The secreted IFNs potentiate the activation of resident pDCs, hence creating a positive feedback for the secretion of more type I and III IFNs from the pDCs, as well as ISGs. Some of the ISGs serve as cytokines and chemokines to recruit T cells. The established type 1 IFN environment, in turn, helps T cells overcome the tolerance threshold to become pathogenic.Fig. 1

2\) Persistent presence of virus within the beta cells leads to intrinsic changes that alter the resolution of IFN-induced responses over time. The alteration is likely to involve viral proteins interacting with cellular proteins that are known components of the IFN response. Therefore, when considering the pancreas as a local type 1 IFN-opathy during T1D, the currently known type 1 IFN-opathies provide researchers with a substantial list of candidate proteins that are likely modified by persistent infection. Hence, type 1 IFN-opathies represent a platform for the investigation and evaluation of already hypothesized mechanisms of viral involvement in T1D pathogenesis.

While presence of enteroviral proteins correlates with onset of T1D in some patients ([@bb0380]), it is also established that type 1 IFN-opathies are reminiscent of congenital infections ([@bb0180], [@bb0315]). As such, an argument can be made for an existing axis between type 1 IFN-opathies, T1D, and viruses. Hence, at least in a subgroup of T1D patients, viral infections in the pancreas alter the profiles of gene products that actively contribute to establishment of an inflammatory response for the initiation and/or progression of clinical disease.

5. Type I IFNs and Type 1 IFN-Opathies: Implications for T cell Responses? {#s0035}
==========================================================================

As previously mentioned, T1D is historically characterized as a T-cell mediated disease. Here, we extend our discussions to suggest that the established IFN response that precedes T1D onset, together with viral-induced type 1 IFN-opathy in the pancreas and microenvironment of the islet, serves to fine-tune subsequent T cell responses during T1D. Several lines of research have demonstrated correlations of IFNs and T cells, supporting our proposal. Specifically, concurrent publications by Crouse et al. and Xu et al. have shown that, within the context of viral infections in mice, signalling through the type I IFN receptor (IFNAR) promoted survival of CD8 T cells and prevented their killing by NK cells ([@bb0070], [@bb0395]). Importantly, a paper by Curtsinger et al. found that, in addition to influencing CD8 T cells through CD4 T helper cells and cytokines such as interleukin-5, type I IFNs could directly interact with CD8 T cells. Type I IFNs could provide the third signal (in addition to antigen stimulation, and costimulatory molecules) needed for complete CD8 T cell expansion and activation of cytolytic functions ([@bb0085]). For example, when CD8T cells from OT-1 mice were exposed to antigen, costimulatory signals, and IFNα, there was increased clonal expansion, increased lytic activity, and increased interferon-gamma secretion by the CD8 T cells compared to antigen and costimulatory signals alone. Conversely, cells from OT-1/IFNAR-deficient mice had reduced functionality ([@bb0085]). Together with the previously proven capacity of type I IFNs to promote survival of activated T cells ([@bb0245]), Curtsinger et al.\'s findings imply that persistent/chronic infections in the pancreas could be providing the continued IFN signal needed for autoreactive T cells to overcome the tolerance threshold and become pathogenic during T1D.

6. Treatment Avenues {#s0040}
====================

Altogether, our review suggests a two-phase affect of virus and IFN in T1D. The first phase is the probable initiation or propagation of cellular immune responses including cytotoxic T lymphocyte and macrophage activation in the islet microenvironment, either initiated or expanded by virus and IFN response. In the second phase of T1D, after onset, there is a loss of cellular immunity but a persistence of beta cells with insulin as well as virus. When considering treatment options for T1D, use of anti-IFN receptor antibodies to remove IFN negative influences upon beta cell function could prove effective in targeting the second phase of disease development. Indeed, biological research and development companies have been conducting trials with a potential monoclonal antibody against the type I IFN receptor (IFNAR) for the treatment of lupus, with potential crossover to other autoimmune diseases such as T1D ([@bb0170]). While the prospect of using anti-IFNAR monoclonal antibodies is promising, considering persistent/chronic viral infections as contributors to establishment and/or pathogenesis of T1D provides exciting alternatives for more targeted treatment options, such as antivirals. One avenue of scrutiny involves the removal of virus/PAMPs to subvert signalling through host PRRs, hence interrupting continual production of IFNs and subsequent inflammatory processes. As research continues to demonstrate an association between viruses and T1D, investigating the use of antiviral treatments is increasingly proving necessary. Also, continued research into viral infections and the inflammatory pathways during T1D may provide a crucial platform for the consideration of off-target effects of vaccines and how vaccines can be used to prevent the development of T1D. Within the scope of vaccine development, a recent preclinical study by Larsson et al. demonstrated that a non-adjuvanted, formalin-inactivated prototype vaccine against Coxsackievirus B1 was indeed efficacious and safe in NOD mice. Vaccination led to significantly higher titers of anti-Coxsackievirus B1 neutralising antibodies, accompanied by significantly reduced viral titers in the blood and pancreas, when compared to mock-treatment. Importantly, while infection accelerated diabetes onset in non-vaccinated prediabetic NOD mice, there was no acceleration of disease in vaccinated mice ([@bb0210]). Larsson et al.\'s paper reinforces the association of enteroviruses like Coxsackieviruses with T1D but also supports the proposition for the removal of virus/PAMPS in investigating treatment options for T1D.

Additionally, establishing an archive of type 1 IFN-opathy related genes would be useful in studying the molecular mechanisms that drive inflammation in T1D. The data will be specifically relevant at the level of the pancreas in terms of determining events that sustain the loss of beta cells. We also envisage that insights into the single gene mutations will dictate the development of more specific monoclonal antibodies, targeting proteins upstream of IFN production as well as upstream proteins in IFN-signalling. Such new therapeutics will allow a more directed treatment approach.

7. Search Strategy and Selection Criteria {#s0045}
=========================================

Data for this review were identified through PubMed and references from relevant articles using the search terms "interferon signature", "type 1 interferon signature", "type 1 diabetes", "Coxsackieviruses", "type 1 interferonopathy", "autoimmune diseases". Articles between 1969 and 2016 were included, with emphasis on those published in the last 5 years as appropriate.
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